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We investigate spin-charge-orbital ordering in a Mn3+/Mn4+ mixed valence state on a hollandite-
type lattice using unrestricted Hartree-Fock calculation on a multi-band Mn 3d-O 2p lattice model.
The calculations show that the Mn3+-Mn4+ double exchange interaction, the Mn3+-Mn3+ and
Mn4+-Mn4+ superexchange interactions are ferromagnetic and play important roles to stabilize
the charge and orbital ordering pattern. The most stable charge and orbital ordering pattern is
consistent with the 1× 1× 1 orthorhombic or monoclinic structure of K1.6Mn8O16.
PACS numbers: 71.30.+h, 71.28.+d, 75.25.Dk
I. INTRODUCTION
Various transition-metal oxides are known to show
structural phase transitions which are accompanied by
electronic transitions such as spin, charge, or orbital or-
derings [1, 2]. Such phase transitions in perovskite-type
transition-metal oxides including La1−xCaxMnO3 have
been studied experimentally and theoretically, and the
relationship between the structural transition and the
charge-orbital ordering of transition-metal d electrons
has been revealed [3]. In the perovskite-type oxides,
MO6 (M = transition metal) octahedra share their cor-
ners and the electronic interaction between the neighbor-
ing sites is dominated by theM -O-M bond. On the other
hand, transition-metal oxides with edge-sharingMO6 oc-
tahedra including spinel-type Fe3O4 [4] and rutile-type
VO2 [5], the direct M -M bond also plays important role
and often induces M -M dimer formation.
Recently, novel structural transitions have been dis-
covered in hollandite-type transition-metal oxides such as
K2V8O16 [6] and K2Cr8O16. [7] Since, in the hollandite-
type structure, MO6 octahedra share the corners and
the edges, both the M -M and M -O-M bonds con-
tribute to generate spin-charge-orbital orderings. There-
fore, the hollandite-type oxides have been inspiring ef-
forts to develop new theoretical framework to describe
possible mechanism of the structural transitions. For ex-
ample, K2V8O16 exhibits two step jumps of resistivity
in the narrow temperature range around 170 K which
correspond to two structural transitions from a high-
temperature tetragonal structure to an intermediate-
temperature tetragonal structure to a low-temperature
monoclinic (almost orthorhombic)
√
2 ×
√
2 × 2 struc-
ture. [6] Since the formal valence of the V site is +3.75
for K2V8O16, it is expected that the metal-insulator tran-
sition and structural transitions are driven by charge or-
dering between V3+ and V4+ and the V4+-V4+ dimer
formation along the V-O double chain or the V-O ribon.
[8–12] On the other hand, the structural transition in
K2Cr8O16 is well described as a Peierls transition of the
itinerant Cr 3d t2g electrons. [13]
Compared to K2V8O16 and K2Cr8O16, the physi-
cal properties of K2Mn8O16 are not well understood
yet. First of all, the concentration of K ions tends
to be reduced, and the actual composition is close to
K1.6Mn8O16. [14] At 380 K, K1.6Mn8O16 undergoes
a structural phase transition from a high-temperature
tetragonal phase to a low-temperature monoclinic (al-
most orthorhombic) 1 × 1 × 1 phase. At 250 K,
K1.6Mn8O16 exhibits another phase transition to a mon-
oclinic 1× 5× 1 superstructure phase with five-fold peri-
odicity along the Mn-O double chain or the Mn-O ribon.
[14] In case of KxMn8O16, the filling of K
+ ions is (2-x)/2,
and the ratio between Mn3+ and Mn4+ is x/8 : (8-x)/8.
Therefore, assuming that K+ is located at neighbors of
Mn3+, the K+ ion order and the Mn3+/Mn4+ charge or-
der can collaborate only when (2-x):x = x:(8-x), namely
x=1.6.
In the present study, we focus on the origin of the
phase transition at 380 K from the tetragonal phase to
the low-temperature monoclinic phase without the su-
perstructure. Since the unit cell of KxMn8O16 contains
eight Mn sites, Mn 3d charge and orbital ordering can oc-
cur without superstructure. In particular, since the ratio
between Mn3+ and Mn4+ is 1/4 : 3/4 for x=2, the charge
ordering at x=2 is expected to be compatible with the
unit cell. We have examined possible charge and orbital
orderings using unrestricted Hartree-Fock calculation on
a hollandite-type multi-band Mn 3d-O 2p lattice model.
The calculations show that the Mn3+-Mn4+ double ex-
change interaction and the Mn3+-Mn3+ and Mn4+-Mn4+
superexchange interaction are ferromagnetic and play im-
portant roles to stabilize the charge and orbital ordering
pattern which is consistent with the 1×1×1 orthorhom-
bic or monoclinic structure.
2II. METHOD
We carried out unrestricted Hartree-Fock calculation
for two layers of neighboring two double-chain tunnels
where 32 Mn sites and 64 O sites are considered. We
employ the multiband d-p model where full degeneracy
of the Mn 3d orbitals and O 2p orbitals are taken into
account. [15] The Hamiltonian is given by
Hˆ =Hˆp + Hˆd + Hˆpd
Hˆp =
∑
klσ
ǫpkp
†
klσpklσ +
∑
kll′σ
V ppkll′p
†
klσpkl′σ + h.c.
Hˆd =ǫ
0
d
∑
iαmσ
d†iαmσdiαmσ +
∑
iαmm′σσ′
hmm′σσ′d
†
iαmσdiαm′σ′
+ u
∑
iαm
d†iαm↑diαm↑d
†
iαm↓diαm↓
+ u′
∑
iαmm′
d†iαm↑diαm↑d
†
iαm↓diαm↓
+ (u′ − j)
∑
iαmm′σ
d†iαmσdiαmσd
†
iαm′σdiαm′σ
+ j
∑
iαmm′
d†iαm↑diαm′↑d
†
iαm′↓diαm↓
+ j′
∑
iαmm′
d†iαm↑diαm′↑d
†
iαm↓diαm′↓
Hˆpd =
∑
kmlσ
V pdkmld
†
kmσpklσ + h.c.
Here, d†iαmσ are creation operators for the Mn 3d elec-
trons at site α of the ith unit cell and d†kmσ and p
†
klσ
are creation operators for Bloch electrons which are con-
structed from the mth component of the Mn 3d orbitals
and from the lth component of the O 2p orbitals, re-
spectively, with wave vector k. The matrix hmm′σσ′ rep-
resents the crystal field splitting. The transfer integrals
between the O 2p orbitals V ppkll′ are given by Slater-Koster
parameters (ppσ) and (ppπ) which are fixed at 0.60 eV
and −0.15 eV respectively. The transfer integrals be-
tween the Mn 3d and O 2p orbitals V pdkml are represented
by (pdπ) and (pdσ). They are fixed as (pdσ) = -2.0 eV
and (pdπ)= 0.9 eV. Kanamori paramters u, u′, j, and j′
satisfies u = u′+j+j′ and j′ = j. u and j are fixed at 7.3
eV and 0.8 eV, respectively. The O 2p-to-Mn 3d charge
transfer energy is ∆ = ǫd− ǫp+nU where U = u− 20j/9
and n is the number of Mn 3d electrons. ∆ is set to 1.44
eV in the present calculation which is close to typical ∆
values for Mn4+ oxides. [16]
III. RESULTS AND DISCUSSION
The unrestricted Hartree-Fock analysis for K2Mn8O16
with the reasonable parameter set provides ferromagnetic
solutions with several charge ordering patterns. The
charge ordering patterns are illustrated in Fig. 1. The
energies of those states are listed in Table III.
FIG. 1: (color online) Charge ordering patterns for ferromag-
netic states with Mn3+ : Mn4+ = 1/4 : 3/4 which are labelled
as (a) FMCO1, (b) FMCO2, (c) FMCO3(c), and (d) FMCO4.
TABLE I: Energy per unit cell of the FMCO2, FMCO3, and
FMCO4 states relative to the most stable FMCO1 state.
State FMCO2 FMCO3 FMCO4
Energy (eV) 0.008 0.252 0.276
The most stable state is the FMCO1 state which is
shown in Fig. 1(a). Here, the charge ordering pattern
in the a-b plane is illustrated. There are two kinds of
double chains running along the c axis in the FMCO1
state. The one consists of only Mn4+O6 octahedra, and
the other consists of Mn3+O6 and Mn
4+O6 octahedra. In
the latter type of double chain, the Mn3+ and Mn4+ sites
are aligned along the c axis in straight lines, respectively.
As for the orbital ordering, at the Mn3+ sites with one
eg electron, the Mn 3d 3z
2− r2 orbital [indicated by the
cigar-like orbital shape in Fig. 1(a)] is directed to the cor-
ner oxygen which is sandwiched by the Mn3+ and Mn4+
sites. This situation is very similar to the Mn3+/Mn4+
TABLE II: Energy per unit cell of the AFMCO2, AFMCO3,
and AFMCO4 states relative to the most stable FMCO1 state.
State AFMCO1 AFMCO2 AFMCO3
Energy (eV) 3.045 1.448 0.965
3FIG. 2: (color online)Charge ordering patterns for antifer-
romagneic states with Mn3+ : Mn4+ = 1/4 : 3/4 which are
labeled as (a) AFMCO1, (b) AFMCO2, and (c) AFMCO3.
The closed circles and crosses indicate the spin up and down
sites, respectively.
mixed valence perovskite-type Mn oxides. [17]
Figures 1(b)-(d) show other three kinds of ferromag-
netic solutions with reasonable symmetries. The FMCO2
state is similar to the FMCO1 state. The Mn3+ and
Mn4+ sites are aligned along the c axis in straight lines.
However, the charge ordering pattern in the a-b plane
keeps the tetragonal symmetry. In the FMCO3 state,
the charge ordering pattern in the a-b plane is the sim-
ilar to (but somewhat different from ) the FMCO1 and
FMCO2 states but the Mn3+ and Mn4+ ions stack al-
ternately along the double chains or the c axis. In the
FMCO4 state, one plane has the charge ordering pattern
with Mn3+ : Mn4+ = 1/2 : 1/2 and the next plane is
filled with Mn4+. These states are higher in energy than
the FMCO1 state (see Table. III).
Since K1.6Mn8O16 becomes antiferromagetic at low
temperature experimentally, we also investigated antifer-
romagnetic solutions of the present model calculation to
elucidate the magnetic property of the system. Figure 2
shows three different types of antiferromagnetic config-
urations. In the AFMCO1 state, the Mn 3d spins are
antiferromagnetic between corner-sharing octahedra as
shown in Fig. 2(a). The charge-ordering pattern of the
AFMCO1 state is the same as the most stable FMCO1
FIG. 3: Schematic pictures for (a) Mn3+-Mn4+ double
exchange interaction, (b) Mn3+-Mn3 Kugel-Khomskii su-
perexchange interaction, and(c) Mn4+-Mn4 Goodenough-
Kanamori superexchange interaction.
state, and both the FMCO1 and AFMCO state have the
ferromagnetic double chains with Mn4+O6 octahedra and
with Mn3+O6 and Mn
4+O6 octahedra. Therefore, the
energy difference between the FMCO1 and AFMCO1
states is due to the Mn3+- Mn4+ double exchange in-
teraction between the corner-sharing MnO6 octahedra or
between the neighboring double chains. In the AFMCO2
state, the Mn 3d spins are antiferromagnetic between the
edge-sharing octahedra in the double chain along the c
axis [see Fig. 2(b)], whereas the spin and charge arrange-
ment in the a-b plane of the AFMCO2 is the same as
the most stable FMCO1 state. In the AFMCO3 state,
the Mn 3d spins are antiferromagnetic between the edge-
sharing octahedra in the double chain along the a-b plane
[see Fig. 2(c)], whereas the ferromagnetic coupling be-
tween the corner-sharing MnO6 octahedra and that along
the c-axis are the same as the most stable FMCO1 state.
Compared to the ferromagnetic states, all the obtained
antiferromagnetic states have much higher energy values
(see Table. III). In the present calculation, antiferromag-
netic coupling between far-distant-neighbors is not con-
sidered. We speculate that the antiferromagetic state of
K1.6Mn8O16 is of helical type stabilized by nearest neigh-
bor ferromagnetic coupling and far-distant-neighbor an-
tiferromagnetic coupling. The AFMCO2 and AFMCO3
states are much lower in energy than the AFMCO2 state,
indicating that the ferromagnetic double exchange in-
teraction between the corner-sharing MnO6 octahedra is
much stronger than the ferromagnetic coupling between
the edge-sharing octahedra.
At this stage, we discuss the origin of the spin-charge-
orbital ordering of the FMCO1 state. As a reason of fer-
romagnetic coupling between the Mn spins, three types of
electronic exchange interactions are possible for this sys-
tem which are shown schematically in Fig. 3. The Mn3+-
Mn4+ ferromagnetic coupling is derived from the double
exchange interaction which can be enhanced by the or-
bital ordering of the Mn3+ site. The Mn3+-Mn3+ fer-
4romagnetic coupling (along the c axis) is induced by the
superexchange interaction with orbital degeneracy, which
is explained by Kugel-Khomskii mechanism. As for the
Mn4+-Mn4+ superexchange interaction with the Mn-O-
Mn bond in the 90◦ angle configuration, the ferromag-
netic coupling is explained by Kanamori-Goodenough
rule. Among the antiferromagnetic states, the AFMCO3
state is more stable than the AFMCO1 and AFMCO2
states, which indicates that the double exchange type
ferromagnetic interaction between corner sharing MnO6
octahedra is the strongest and the Mn3+-Mn3+ ferromag-
netic coupling along the c axis is the second strongest.
The difference in the Mn3+-Mn4+ double exchange in-
teraction should be responsible for the small energy dif-
ference between the FMCO1 and FMCO2 states. The
number of Mn 3d spin at each Mn site of the FMCO1
state is shown in Fig. 4(a). The 16 Mn sites in the first
layer are labelled as 1-16 which is shown in Fig. 1(a). The
remaining 16 Mn sites in the second layer are labelled as
17-32. The Mn3+ sites have ∼ 3.7 µB. Whereas most
of the Mn4+ sites have ∼ 3.3 µB, the Mn4+ sites shar-
ing the corner oxygens with the Mn3+ sites have ∼ 3.5
µB. The increase of the Mn 3d spins in the Mn
4+ sites
is due to the leakage of the Mn 3d eg spins by the dou-
ble exchange coupling. Since the distance between the
neighboring Mn3+ chains is shorter in the FMCO2 state
than that in the FMCO1 state, the energy gain by the
double exchange interaction can be slightly larger in the
FMCO1 state. In the FMCO1 state, the orbital order-
ing of the Mn3+ site contributes to enhance the double
exchange interaction between the Mn3+ and Mn4+ sites.
This charge-orbital ordering pattern of the FMCO1 state
does not have tetragonal symmetry whereas it is com-
patible with the unit cell of K2Mn8O16. Therefore, the
FMCO1 state with 1 × 1 × 1 unit cell is consistent with
the intermediate phase of K1.6Mn8O16 realized between
250 K and 380 K.
TABLE III: Hole doping dependence of band gap of the
FMCO1 state for K2−xMn8O16.
x 0.0 0.25 0.5 0.75 1.0 1.25 1.5 1.75
Gap (eV) 0.419 0.130 0.039 0.120 0.060 0.120 0.00 0.00
In the next step, we examine the stability of the
FMCO1 state against the reduction of K content or the
hole doping to the Mn8O16 lattice. Figure 4 and Table III
show the hole doping effect on the system where the ref-
erence point is set to the FMCO1 state of K2Mn8O16.
The total number of the Mn 3d and O 2p electrons for
K2Mn8O16 is 488 in the present model, and the hole dop-
ing corresponds to reduction of K atoms from the system.
The total number of the Mn 3d and O 2p electrons is
488 − x in the present model for K2−0.25xMn8O16. As
shown in Fig. 4, the charge ordering pattern remains in
going from x=2 to x=1, indicating that the FMCO1 state
obtained for K2Mn8O16 is relevant for K1.6Mn8O16. The
charge ordering pattern is slightly disturbed by the hole
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FIG. 4: (color online)Magnitudes of Mn 3d spins for 32 Mn
sites in the FMCO1 state obtained in the present model cal-
culation. Hole doping level x is set to (a) x=0.0, (b) x=0.25,
(c) x=0.5, (d) x=0.75, (e) x=1.0, (f) x=1.25, (g) x=1.5, and
(h) x=1.75.
doping which can couple with the superstructure along
the c-axis due to the K vacancy ordering and would be an
origin of far-distant-neighbor antiferromagnetic coupling.
As shown in Table III, the magnitude of the band gap
tends to decrease as the amount of hole increases until the
transition to a metallic state at K0.5Mn8O16. It should
be noted that in the states K1.75Mn8O16, K1.25Mn8O16,
and KMn8O16, the Mn 3d eg level is partially occupied
at the ”Mn4+” sites sharing the corner oxygens with the
Mn3+ sites and, these states have relatively wide gaps,
which we infer results from the double exchange interac-
tion between Mn3+ and Mn4+.
5IV. CONCLUSION
In conclusion, we investigate spin-charge-orbital or-
dering in a Mn3+/Mn4+ mixed valence state on a
hollandite-type lattice using unrestricted Hartree-Fock
calculation on a multi-band Mn 3d-O 2p lattice model.
The Mn3+-Mn4+ ferromagnetic coupling due to the dou-
ble exchange interaction plays essential role to stabi-
lize the charge ordering pattern. In addition, The
Mn3+-Mn3+ and Mn4+-Mn4+ ferromagnetic couplings
along the c axis is induced by the Kugel-Khomskii and
Kanamori-Goodenough mechanisms. The most stable
charge and orbital ordering pattern is consistent with the
1 × 1 × 1 orthorhombic or monoclinic structure realized
in K1.6Mn8O16.
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